The objective of this study was to evaluate the effects of 3-nitrooxypropanol (NOP), a known methane (CH 4 ) inhibitor; the ionophore monensin (MON); and their combination on in vitro CH 4 production in a high-grain diet (85% barley grain, 10% barley silage, and 5% vitamin-mineral supplement; DM basis) using a rumen simulation technique (Rusitec). Sixteen fermentation vessels in 2 Rusitec apparatuses (blocks) were used in a completely randomized block design Two fermenters within each apparatus were randomly assigned to a treatment. Treatments were mixed with 10 g of substrate and supplied on a daily basis. The study included an 8-d adaptation period without treatment supplementation and a 6-d period for addition of treatments. Dry matter disappearance, pH, and total VFA were not affected by treatment (P ≥ 0.34). Acetate proportion was decreased by 8.3% and 14.9% with NOP and NOP + MON (P < 0.01), respectively; however, propionate proportion was not affected by treatment (P = 0.44). The acetate to propionate ratio was lowered by 21.1% with the combination of NOP and MON (P = 0.02), whereas ammonia-N concentration was not affected by treatment (P = 0.50). Total gas production was unaffected (P = 0.50), but CH 4 production decreased by 77.7% and 75.95% (P < 0.01) with NOP and NOP + MON addition, respectively. Concurrently, H 2 gas production increased by 131.3% and 185.6% (P = 0.01) with NOP and NOP + MON treatments, respectively. The copy number of methanogens was decreased in both solid and liquid phases (P < 0.01) with NOP and NOP + MON treatments. Despite the combination of NOP + MON showing the greatest decrease in acetate molar proportion and acetate to propionate ratio, it did not further inhibit CH 4 beyond the effect of NOP alone. The decrease in CH 4 emissions with treatments that included NOP occurred along with a decrease in the copy number of methanogens associated with the solid and liquid phases, confirming the inhibitory effects of NOP on these microorganisms. In conclusion, the combined effects of NOP and MON on CH 4 mitigation did not exceed the effect of NOP alone when using a high-grain diet in vitro.
ABSTRACT:
The objective of this study was to evaluate the effects of 3-nitrooxypropanol (NOP), a known methane (CH 4 ) inhibitor; the ionophore monensin (MON); and their combination on in vitro CH 4 production in a high-grain diet (85% barley grain, 10% barley silage, and 5% vitamin-mineral supplement; DM basis) using a rumen simulation technique (Rusitec). Sixteen fermentation vessels in 2 Rusitec apparatuses (blocks) were used in a completely randomized block design with 4 treatments: Control, NOP (200 µg/g DM), MON (200 µg/g DM), and the combination of 200 µg NOP/g DM and 200 µg MON/g DM (NOP + MON). Two fermenters within each apparatus were randomly assigned to a treatment. Treatments were mixed with 10 g of substrate and supplied on a daily basis. The study included an 8-d adaptation period without treatment supplementation and a 6-d period for addition of treatments. Dry matter disappearance, pH, and total VFA were not affected by treatment (P ≥ 0.34). Acetate proportion was decreased by 8.3% and 14.9% with NOP and NOP + MON (P < 0.01), respectively; however, propionate proportion was not affected by treatment (P = 0.44). The acetate to propionate ratio was lowered by 21.1% with the combination of NOP and MON (P = 0.02), whereas ammonia-N concentration was not affected by treatment (P = 0.50). Total gas production was unaffected (P = 0.50), but CH 4 production decreased by 77.7% and 75.95% (P < 0.01) with NOP and NOP + MON addition, respectively. Concurrently, H 2 gas production increased by 131.3% and 185.6% (P = 0.01) with NOP and NOP + MON treatments, respectively. The copy number of methanogens was decreased in both solid and liquid phases (P < 0.01) with NOP and NOP + MON treatments. Despite the combination of NOP + MON showing the greatest decrease in acetate molar proportion and acetate to propionate ratio, it did not further inhibit CH 4 beyond the effect of NOP alone. The decrease in CH 4 emissions with treatments that included NOP occurred along with a decrease in the copy number of methanogens associated with the solid and liquid phases, confirming the inhibitory effects of NOP on these microorganisms. In conclusion, the combined effects of NOP and MON on CH 4 mitigation did not exceed the effect of NOP alone when using a high-grain diet in vitro.
INTRODUCTION
Research on the use of enzymatic inhibitors to decrease enteric methane (CH 4 ) production has regained popularity with the development of 3-nitrooxypropanol (NOP), a synthetic compound that inhibits the last step of methanogenesis (Duval and Kindermann, 2012) . Since then, NOP has been evaluated in diverse conditions using different animal species and doses. However, little is known about the combined effects of NOP and other mitigation strategies on CH 4 production. Recently, Romero-Pérez et al. (2016) evaluated the combined effects of NOP and the well-known ionophore monensin (MON) when added to a forage-based diet using the rumen simulation technique (Rusitec). A decrease in CH 4 production was observed with NOP and MON when added individually, but the combination of both did not result in greater inhibition (Romero-Pérez et al., 2016) . There is information suggesting that both NOP and MON would be more effective for CH 4 mitigation when added to high-grain diets. For instance, a meta-analysis conducted by Ranga Niroshan Appuhamy et al. (2013) showed that MON supplementation significantly decreased CH 4 emissions in beef cattle, but the effect was marginal in dairy cows consuming forage-based diets. Furthermore, CH 4 production from beef cattle supplemented with 200 mg NOP/kg DM was decreased by 38% when consuming a backgrounding diet, whereas the reduction for animals consuming a finishing diet was 84% (Vyas et al., 2016) . However, in that experiment (Vyas et al., 2016 ) MON was not included in the diet, and the observed decrease in CH 4 production was caused solely by NOP. Monensin is a commonly used ionophore in feedlot diets in North America; therefore, to move NOP forward in commercial field studies, it is necessary to know how it might interact with MON. Thus, the purpose of this study was to evaluate the combined effects of NOP and MON using a finishing diet in an artificial rumen.
MATERIALS AND METHODS
A completely randomized block design with 2 blocks (Rusitec apparatuses) and 4 treatments (n = 4) was used. The compounds were mixed by hand with the diet substrate. Subsequently, 10 g of the corresponding mixture were weighed into nylon bags (51-µm mesh opening). Diet substrate was previously dried and ground through a 4-mm screen and contained barley grain (850 g/kg DM), barley silage (100 g/kg DM), and feedlot supplement (50 g/kg DM). Chemical composition of the diet on a DM basis was 906, 956, 148, 251, and 504 g/kg for DM, OM, CP, NDF, and starch, respectively.
Operation of the Rusitec system was described by Romero-Pérez et al. (2016) . Briefly, ruminal fluid and solid ruminal content used as inoculum were obtained 2 h after the morning feeding from 2 ruminal fistulated beef cattle consuming a diet similar to the diet substrate used in the study. Animals used as ruminal content donors were cared for in accordance with the guidelines of the Canadian Council on Animal Care (2009). Each fermenter was filled with artificial saliva (20%) and strained ruminal fluid (80%). Two bags, 1 containing 10 g of fresh solid rumen digesta and the other containing 10 g (DM) of diet, were also allocated into each fermenter. After 24 h of incubation, the bag containing ruminal digesta was removed and replaced by a nylon bag containing diet substrate plus treatment. Thereafter, 1 bag was replaced daily so that each bag remained in the fermenter for 48 h. Fermenters were immersed in a water bath maintained at a constant 39°C and vertically agitated. Artificial saliva was administered at a renewal rate of 2.9%/h. Effluent was collected in 1-L volumetric flasks, which in turn were connected to 2-L plastic bags for gas collection (Curity; Conviden Ltd., Mansfield, MA). During feed bag exchange, the fermenters were flushed with O 2 -free CO 2 to maintain an anaerobic environment.
Dry matter disappearance at 48 h during the treatment period was determined on d 9, 10, 11, 12, and 13. After incubation, feed bags were washed with cold water and then dried at 55°C for 48 h. Total gas production and ruminal pH were determined daily throughout the duration of the experiment using a gas meter (Alexander-Wright, London) and a pH meter (model B20PI; VWR, Radnor, PA), respectively. Gas samples (20 mL) were collected on d 9 to 13 from gas collection bags using a 20-mL syringe, injected into evacuated 6.8-mL Exetainer vials (Labco Ltd., Wycombe, UK), and stored at room temperature until analyzed for CH 4 and hydrogen gas (H 2 ).
Ruminal liquid samples (5 mL) were collected on d 9, 10, 11, 12, and 13 directly from each fermentation vessel and placed in 7-mL screw-capped vials containing 1 mL of 25% (wt/wt) phosphoric acid or 1 mL of 1% (wt/ vol) H 2 SO 4 for VFA or ammonia-N (NH 3 -N) analysis, respectively. Samples were stored at −20°C until analysis.
On d 14, feed residuals after 48 h of digestion and samples from the liquid phase were collected for analysis of total copy number of the 16S rRNA gene for bacteria and methanogens. Total feed residuals were deposited in 50-mL falcon tubes, and samples from the liquid phase (5 mL) were collected directly from each vessel and deposited in 7-mL screw-capped vials. Samples were immediately frozen using liquid nitrogen and stored at −80°C until analysis.
Ruminal VFA were quantified by gas chromatography (GC; model 5890; Hewlett-Packard, Wilmington, DE) as described previously (Romero-Pérez et al., 2016) . Ruminal NH 3 -N concentration was determined by the improved Berthelot method (Rhine et al., 1998) . Methane and H 2 concentration were measured using GC (model 4900; Varian Inc., Middelburg, Netherlands) equipped with a 10-m porous polymer column and thermal conductivity detector.
Total DNA was extracted from feed residuals (1 g) and fermentation liquid subsamples (1 g) and was used for further estimation of the bacterial and archaeal 16S rRNA genes using quantitative PCR (Guan et al., 2008) .
For all variables vessel was considered the experimental unit. The mixed model procedure was used for data analyses (SAS, SAS Inst. Inc., Cary, NC). For DM disappearance (DMD), gas production, and fermentation variables, the model included the fixed effects of treatment, day, and their interactions. For rumen microbes the model included the fixed effect of treatment. Apparatus was considered a random effect. Day was considered a repeated measure in the model where applicable. The variance components were estimated using the REML method, and degrees of freedom were adjusted using the Kenward-Roger option. The LSD was used to determine significant differences among means. The covariance structure was selected on the basis of the lowest Akaike and Bayesian information criteria values. Treatment significant differences were declared at P ≤ 0.05.
RESULTS
Dry matter disappearance, pH, and total VFA were not affected by treatment (P ≥ 0.34; Table 1 ). However, acetate proportion was decreased with NOP and NOP + MON (P < 0.01). Although propionate proportion was not affected (P = 0.44), the decrease in acetate lowered the acetate to propionate ratio, but only for NOP + MON (P = 0.02). The concentration of NH 3 -N was not affected by treatment (P = 0.50). Total gas production was unaffected (P = 0.50), but CH 4 production decreased by 77.7% and 75.95% (P < 0.01) with NOP and NOP + MON addition, respectively. Concurrently, H 2 gas production increased by 131.3% and 185.6% (P = 0.01) with NOP and NOP + MON treatments, respectively. The copy number of methanogens was lowered (P < 0.01) in both the liquid and solid phases when NOP or NOP + MON was present.
DISCUSSION
The grain-based diet used in this study is typical of diets fed to finishing beef cattle in western Canada, where barley grain and barley silage are the main feed ingredients. The rumen simulation technique (Rusitec) was used because it simulates ruminal fermentation in a controlled manner, enabling the study of compounds, such as NOP or MON, free from the influence of the host animal. The technique allows a stable fermentation to be maintained on a timescale sufficient for microbial adaptation (Wallace et al., 1981) .
The lack of effect on DMD observed in this study for NOP is in accordance with previous in vitro studies where different doses of NOP were evaluated using Rusitec fermenters (Romero-Pérez et al., 2015a; Guyader et al., 2017) . In addition, lack of effect of MON on DMD was also reported in a meta-analysis evaluating the effects of different CH 4 antagonists, such as MON, in vitro (Ungerfeld, 2015) . In that study, a decrease in digestion due to CH 4 antagonsits occurred for most batch cultures but not for most continuous and semicontinuous culture experiments. Lack of effect or minimal reduction of feed digestibility is a remarkable characteristic of CH 4 inhibitors because the resulting accumulation of H 2 in the rumen had previously been suggested to have negative effects on ruminal digestion (Leng, 2014) .
Both NOP and MON have the ability to decrease acetate to propionate ratio (Russell and Houlihan, 2003; Romero-Pérez et al., 2015a) . As expected, the acetate proportion in the present experiment was decreased with NOP, although that was not the case for MON. Monensin can inhibit H 2 -producing bacteria, which are more apt to produce acetate (Russell and Houlihan, 2003) ; thus, a change in ruminal fermentation to more propionate and less acetate was expected for MON. However, that was not the case as molar proportion of propionate was not affected by any of the treatments. Interestingly, the greatest decrease in acetate proportion was observed for the combination of NOP and MON. The resulting decrease in the acetate to propionate ratio indicates a possible synergy between these 2 compounds given that MON alone had no effect on acetate proportion or acetate to propionate ratio. The lack of effect of treatments that included NOP on propionate proportion was previously observed in Rusitec experiments (Romero-Pérez et al., 2015a; Guyader et al., 2017) but not in vivo (Romero-Pérez et al., 2015b) . Because propionate is the most important sink of hydrogen in the rumen after CH 4 , an increase in propionate concentration in the rumen is usually expected when CH 4 is inhibited. However, there is a possibility for metabolic hydrogen to be incorporated into atypical hydrogen sinks, such as H 2 , formate, or ethanol (Unger-feld, 2015). Indeed, accumulation of H 2 was observed in the present experiment for NOP treatments. There is also evidence for ethanol accumulation when NOP was added to dairy cattle diets (Reynolds et al., 2014) ; however, formate was not affected by NOP when evaluated in Rusietec fermenters (Guyader et al., 2017) .
Monensin can inhibit H 2 -producing bacteria, which are more apt to produce acetate and butyrate (Russell and Houlihan, 2003) ; thus, a change in ruminal fermentation to more propionate and less acetate was expected for MON. However, contrary to our expectation, no effect was observed on VFA proportions with MON addition, although the combination of NOP + MON caused a greater reduction in acetate than the NOP treatment alone. Additionally, no effect of MON treatment was observed for propionate. Previous studies evaluating MON in dairy cattle consuming forage-based diets (Waghorn et al., 2008; Grainger et al., 2010) did not report differences for acetate and propionate, which is in agreement with the lack of effect on CH 4 they observed.
The potential of NOP to decrease CH 4 production has been consistently proven under different conditions, including in vivo (Hristov et al., 2015; RomeroPérez et al., 2015b; Vyas et al., 2016; Haisan et al., 2017) and in vitro (Romero-Pérez et al., 2015a , 2016 Guyader et al., 2017) experiments, whereas the effects of MON on CH 4 emissions have been inconsistent, although the overall effect has been toward lower CH 4 production (Ranga Niroshan Appuhamy et al., 2013) . The present experiment confirmed the decrease of CH 4 production with NOP addition but not with MON or the combination of NOP and MON. The lack of additivity of NOP and MON was previously observed by Romero-Pérez et al. (2016) using a backgrounding diet, suggesting that the large decrease in CH 4 production by NOP addition does not allow for additional mitigation by MON. Use of a high-grain diet in the present experiment was based on information suggesting that NOP and MON would be more effective CH 4 mitigants than when used in a high-forage diet (Ranga Niroshan Appuhamy et al., 2013; Vyas et al., 2016) . The inhibitory effect of NOP on CH 4 production was confirmed in the present study, but that was not the case for MON. In the present study, CH 4 production was decreased by 77.7% and 75.9% for NOP and NOP + MON, respectively, whereas a previous Rusitec study using a forage-based diet reported a decrease of 71.5% and 69.9% for NOP and NOP + MON, respectively, when added in the same doses as in the present study (Romero-Pérez et al., 2016) . Although inhibition of CH 4 production with the use of a high-grain diet was slightly greater than when using a backgrounding diet in vitro, the difference was smaller than observed in a previous feedlot study in which NOP was evaluated in beef cattle consuming a finishing diet (Vyas et al., 2016) . In that beef experiment, CH 4 production was decreased by up to 84.3% with the same NOP dose (200 mg/kg) used in the present experiment. It is possible that low ruminal pH typically observed in animals consuming high-grain diets might be the reason for the large decrease in CH 4 emissions observed by Vyas et al. (2016) as low ruminal pH can decrease CH 4 production (Lana et al., 1998) . The highly buffered Rusitec system used in the present experiment main- tains rumen pH close to neutrality and might prevent CH 4 production from being as low as that expected when high-grain diets are fed (Vyas et al., 2016) . The accumulation of H 2 for treatments that include NOP in contrast to the lack of effect on H 2 for MON was previously observed by Romero-Pérez et al. (2016) . Inhibition of CH 4 production by means of inhibitors is usually associated with an increase in H 2; however, for ionophores such as MON, a small increase in H 2 has been observed only when CH 4 was decreased by more than 50% (Ungerfeld, 2015) .
The reduction in copy numbers of total methanogens in the solid phase with the addition of NOP and NOP + MON was previously reported for Rusitec (Romero-Pérez et al., 2015a , 2016 . The reduction in methanogens in both the solid and liquid phases is also in agreement with the decrease in CH 4 production observed for NOP and NOP + MON treatments. Previous Rusitec experiments using forage-based diets reported that methanogens inhabiting the liquid phase were not affected by treatments that included NOP (RomeroPérez et al., 2015a (RomeroPérez et al., , 2016 , suggesting that methanogen species inhabiting the liquid phase might be less sensitive to NOP than methanogens in the solid phase. It has been proposed that differences in the ability of methanogens to synthesize methyl-coenzyme M could account for differences in the methanogen copy numbers between liquid and solid phases in response to NOP supplementation (Romero-Pérez et al., 2016) ; however, that might not be the case when using highgrain diets. The reduction of methanogens in both the liquid and solid phases observed in the present study might be the reason for greater CH 4 inhibition observed for NOP and NOP + MON using high-grain diets compared to the use of forage-based diets.
In conclusion, NOP but not MON decreased CH 4 production when added to a high-grain diet. Although the combination of NOP and MON showed the greatest decrease in acetate molar proportion and acetate to propionate ratio, it did not further reduce CH 4 production to below that of NOP alone (i.e., 78% reduction). The inhibition of CH 4 production with treatments that included NOP was slightly less effective than that observed in beef cattle consuming a high-grain diet, possibly because of differences between the Rusitec system and in vivo conditions. Decrease in CH 4 emissions with treatments that included NOP corresponded to a reduction in the copy number of methanogens in the solid and liquid phases, confirming the inhibitory effects of NOP on these microorganisms. The effects of NOP under conditions where ruminal pH is similar to that observed in vivo for animals consuming highgrain diets needs to be investigated.
